The present paper is devoted to foundations of p-adic modelling in genomics. Considering nucleotides, codons, DNA and RNA sequences, amino acids, and proteins as information systems, we have formulated the corresponding p-adic formalisms for their investigations. Each of these systems has its characteristic prime number used for construction of the related information space. Relevance of this approach is illustrated by some examples. In particular, it is shown that degeneration of the genetic code is a p-adic phenomenon. We have also put forward a hypothesis on evolution of the genetic code assuming that primitive code was based on single nucleotides and chronologically first four amino acids. This formalism of p-adic genomic information systems can be implemented in computer programs and applied to various concrete cases.
Introduction
Living organisms seem to be the most complex, interesting and significant objects regarding all substructures of the universe. One of the essential characteristics that differ a living organism from all other material systems is related to its genome. The genome of an organism is its whole hereditary information encoded in the desoxyribonucleic acid (DNA), and contains both genes and non-coding mechanics. They both appeared as a result of unsatisfactory attempts to extend classical concepts to new physical phenomena, and introduction of new physical ideas and mathematical methods. Although far from everyday experience these new two theories describe physical reality quite successfully. We believe that similar situation should happen in theoretical description of living processes in biological organisms. Ultrametric and p-adic methods seem to be very promising tools in further investigation of the life.
Modelling of the genome, the genetic code and proteins is a challenge as well as an opportunity for applications of p-adic mathematical physics. Recently [7] we introduced a p-adic approach to DNA and RNA sequences, and to the genetic code. The central point of our approach is an appropriate identification of four nucleotides with digits 1, 2, 3, 4 of 5-adic integer expansions and application of padic distances between obtained numbers. 5-Adic numbers with three digits form 64 integers which correspond to 64 codons. In [8] we analyzed p-adic degeneracy of the genetic code. As one of the main results that we have obtained is explanation of the structure of the genetic code degeneracy using p-adic distance between codons. A similar approach to the genetic code was considered on diadic plane [9] .
Let us mention that p-adic models in mathematical physics have been actively considered since 1987 (see [10] , [11] for early reviews and [12] , [13] for some recent reviews). It is worth noting that p-adic models with pseudodifferential operators have been successfully applied to interbasin kinetics of proteins [14] . Some p-adic aspects of cognitive, psychological and social phenomena have been also considered [15] . The recent application of p-adic numbers in physics and related branches of sciences is reflected in the proceedings of the 2nd International Conference on p-Adic Mathematical Physics [16] . This paper is devoted to the further p-adic modelling of the genome as well as to p-adic roots of the genetic code evolution based on approach introduced in [7] and considered in [8] .
p-Adic Genome
In Introduction we presented a brief review of the genome and the genetic code, as well as some motivations for their p-adic theoretical investigations. To consider p-adic properties of the genome and the genetic code in a self-contained way we shall also recall some mathematical preliminaries.
Some mathematical preliminaries and p-adic codon space
As a new tool to study the Diophantine equations, p-adic numbers are introduced by German mathematician Kurt Hensel in 1897. They are involved in many branches of modern mathematics, either as rapidly developing topics or as suitable applications. An elementary introduction to p-adic numbers can be found in the book [17] . However, for our purposes we will use here only a small portion of p-adics, mainly some finite sets of integers and ultrametric distances between them. Let us introduce the set of natural numbers
where n i are digits related to nucleotides by the following assignments: C (cytosine) = 1, A (adenine) = 2, T (thymine) = U (uracil) = 3, G (guanine) = 4. This is a finite expansion to the base 5. It is obvious that 5 is a prime number and that the set C 5 [64] contains 64 numbers between 31 and 124 in the usual base 10. In the sequel we shall often denote elements of C 5 [64] by their digits to the base 5 in the following way: n 0 + n 1 5 + n 2 5 2 ≡ n 0 n 1 n 2 . Note that here ordering of digits is the same as in the expansion, i.e this ordering is opposite to the usual one. There is now evident one-to-one correspondence between codons in three-letter notation and number n 0 n 1 n 2 representation.
It is also often important to know a distance between numbers. Distance can be defined by a norm. On the set Z of integers there are two kinds of nontrivial norm: usual absolute value | · | ∞ and p-adic absolute value | · | p , where p is any prime number. The usual absolute value is well known from elementary mathematics and the corresponding distance between two numbers x and y is d ∞ (x, y) = |x − y| ∞ .
The p-adic absolute value is related to the divisibility of integers by prime numbers. Difference of two integers is again an integer. p-Adic distance between two integers can be understood as a measure of divisibility by p of their difference (the more divisible, the shorter). By definition, p-adic norm of an integer m ∈ Z, is |m| p = p −k , where k ∈ N {0} is degree of divisibility of m by prime p (i.e. m = p k m ′ , p ∤ m ′ ) and |0| p = 0. This norm is a mapping from Z into non-negative rational numbers and has the following properties:
(i) |x| p ≥ 0, |x| p = 0 if and only if x = 0, (ii) |x y| p = |x| p |y| p , (iii) |x + y| p ≤ max {|x| p , |y| p } ≤ |x| p + |y| p for all x , y ∈ Z. Because of the strong triangle inequality |x + y| p ≤ max{|x| p , |y| p }, p-adic absolute value belongs to non-Archimedean (ultrametric) norm. One can easily conclude that 0 ≤ |m| p ≤ 1 for any m ∈ Z and any prime p.
p-Adic distance between two integers x and y is
Since p-adic absolute value is ultrametric, the p-adic distance (2) is also ultrametric, i.e. it satisfies
where x, y and z are any three integers. The above introduced set C 5 [64] endowed by p-adic distance we shall call padic codon space, i.e. elements of C 5 [64] are codons denoted by n 0 n 1 n 2 . 5-Adic distance between two codons a, b ∈ C 5 [64] is
where
We see that the largest 5-adic distance between codons is 1 and it is maximum p-adic distance on Z. The smallest 5-adic distance on the codon space is 5 −2 . Let us also note that 5-adic distance depends only on the first two nucleotides of different codons.
If we apply real
2 | ∞ , then third nucleotides a 2 and b 2 would play more important role than those at the second position (i.e a 1 and b 1 ), and nucleotides a 0 and b 0 are of the smallest importance. At real C 5 [64] space distances are also discrete, but take values 1, 2, · · · , 93. The smallest real and the largest 5-adic distance are equal 1. While real distance describes metric of the ordinary physical space, this p-adic one serves to describe ultrametricity of the codon space.
It is worth emphasizing that the metric role of digits depends on their position in number expansion and it is quite opposite in real and p-adic cases. We shall see later, when we consider the genetic code, that the first two nucleotides in a codon are more important than the third one and that p-adic distance between codons is a natural one in description of their information content (the closer, the more similar). 6 
p-Adic genomic and bioinformation spaces
Appropriateness of the p-adic codon space C 5 [64] to the genetic code is already shown in [8] and will be reconsidered in the Section 3. Now we want to extend C 5 [64] space approach to more general genetic and bioinformation spaces.
Let us recall that four nucleotides are related to prime number 5 by their correspondence to the four nonzero digits (1, 2, 3, 4) of p = 5. It is unappropriate to use the digit 0 for a nucleotide because it leads to non-uniqueness in representation of the codons by natural numbers. For example, 123 = 123000 as numbers, but 123 represents one and 123000 two codons. This is also a reason why we do not use 4-adic representation for codons, since it would contain a nucleotide presented by digit 0. One can use 0 as a digit to denote absence of any nucleotide.
Let us note also that we have used on C 5 [64], in [7] and [8] , not only 5-adic but 2-adic distance as well.
is the set of natural numbers, d q is the corresponding q-adic distance on Γ p [(p − 1) m ] and nonzero digits n i are related to some p−1 basic constituents of a genomic system (or to any other biological information system) in a unique way. Index q is a prime number.
Here m can be called also multiplicity of space elements with respect to their constituents. In addition to d p there can be a few other d q useful distances on
m ] p-adic genomic space and use notation
where ordering of digits is in the opposite direction to the standard one and seems here more natural. Earlier introduced codon space 
where m 1 and m 2 are positive integers (m 1 ≤ m 2 ), which determine the range of multiplicity between m 1 and m 2 . In the sequel we shall present some concrete examples of the B p [N] spaces.
DNA and RNA spaces
DNA sequences can be considered as a union of coding and non-coding segments.
Coding parts are composed of codons included into genes, which are rather complex systems. In coding segments is stored information, which through a series of complex processes is translated into proteins. The space of coding DNA sequences (cDNA) can be presented as
where p = 61 because there are 60 codons coding amino acids (in the vertebral mitochondrial code). Thus cDNA space can be regarded as a set of N coded sequences as well as a set of N discrete points (a lattice) of The structure and function of non-coding sequences is still highly unknown. They include information on various regulatory processes in the cell. We assume that the space of non-coding DNA sequences (ncDNA) is a subspace
where m 1 and m 2 are minimum and maximum values of the size of non-coding segments.
In a similar way one can construct a space of all RNA sequences in the cell. 8
Protein space
We mentioned some basic properties of proteins in Introduction. Recall also that proteins functional properties depend on their three-dimensional structure.
There are four distinct levels of protein structure (primary, secondary, tertiary and quaternary) [2] . The primary structure is determined by the amino acid sequence and the other ones depend on side chains of amino acids (see Table 3 ). In addition to 20 standard amino acids, presented in the Table 3 , there are also 2 special nonstandard amino acids: selenocysteine and pyrrolysine [18] . They are also coded by codons, but are very rare in proteins. Thus there are 22 amino acids encoded in the genetic code. According to Jukes [19] non-freezing code may contain 28 amino acids. The 20 standard (canonical) amino acids employed by the genetic code in proteins of the living cells are listed in Table 3 . Some their important chemical properties are presented in Table 3 . Now we want to construct an appropriate space whose elements are proteins. We propose protein space P p to be a subspace of product of genomic spaces
where the building units are amino acids. Thus P p [N] is a space of N proteins with size measured by the number of amino acids between m 1 and m 2 (m 1 ∼ 10 and m 2 ∼ 10 4 ). In (10) prime number p is related to the number of amino acids by relation: p − 1 = number of different amino acids used as building blocks in proteins. At present time there are 22 amino acids (20 standard and 2 special) and consequently p = 23 . One can argue that not all 22 amino acids have been from the very beginning of life and that has been an evolution of amino acids. Namely, using 60 different criteria for temporal order of appearance of the 20 standard amino acids the obtained result [21] is presented in Table 3 . The first four amino acids (Gly, Ala, Asp and Val) have the most production rate in Miller's experiment of an imitation of the atmosphere of the early Earth. This could correspond to p = 5 and single nucleotide codons in a primitive code. In the case of dinucleotide code there are 16 codons and maximum amino acids that can be coded is 16, i.e. p = 17. As we already mentioned, according to Jukes [19] , it is possible to code 28 amino acids by trinucleotide code and it gives the corresponding p = 29.
p-Adic Genetic Code
An intensive study of the connection between ordering of nucleotides in DNA (and RNA) and ordering of amino acids in proteins led to the experimental deciphering of the standard genetic code in the mid-1960s. The genetic code is understood as a dictionary for translation of information from DNA (through RNA) to synthesis of proteins by amino acids. The information on amino acids is contained in codons: each codon codes either an amino acid or termination signal (see, e.g. Table 3 as a standard table of the vertebral mitochondrial code). To the sequence of codons in RNA corresponds quite definite sequence of amino acids in a protein, and this sequence of amino acids determines primary structure of the protein.
The genetic code is comma-free and non-overlapping. At the time of deciphering, it was mainly believed that the standard code is unique, result of a chance and fixed a long time ego. Crick [22] expressed such belief in his "frozen accident" hypothesis, which has not been supported by later observations. Moreover, it has been discovered so far at least 16 different codes and found some general regularities. At first glance the genetic code looks rather arbitrary, but it is not. Namely, mutations between synonymous codons give the same amino acid. When mutation alter an amino acid then it is like substitution of the original by similar one. In this respect the code is almost optimal.
Despite of remarkable experimental successes, there is no simple and generally accepted theoretical understanding of the genetic code. There are many papers in this direction (in addition to already cited, see also, e.g. [23] and [24] ), scattered in various journals, with theoretical approaches based more or less on chemical, biological and mathematical aspects of the genetic code. Even before deciphering of the code there have been very attractive theoretical inventions (of Gamow and Crick), but the genetic code occurred to be quite different (for a review on the early inventions around the genetic code, see [25] ). However, the foundation of biological coding is still an open problem. In particular, it is not clear why genetic code exists just in few known ways and not in many other possible ones. What is a principle (or principles) employed in establishment of a basic (mitochondrial) code? What are properties of codons connecting them into definite multiplets which code the same amino acid or termination signal? Answers to these and some other questions should lead us to discover an appropriate theoretical model of the genetic code. Let us now turn to Table 3 . We observe that this table can be regarded as a big rectangle divided into 16 equal smaller rectangles: 8 of them are quadruplets which one-to-one correspond to 8 amino acids, and other 8 rectangles are divided into 16 doublets coding 14 amino acids and termination (stop) signal (by two doublets at different places). However there is no manifest symmetry in distribution of these quadruplets and doublets.
AMINO ACID ABBR. SIDE CHAIN (R)
In order to get a symmetry we have rewritten this standard table into new one by rearranging 16 rectangles. As a result we obtained Table 3 which exhibits a symmetry with respect to the distribution of codon quadruplets and codon doublets. Namely, in our table quadruplets and doublets form separately two figures, which are symmetric with respect to the mid vertical line (a left-right symmetry), i.e. they are invariant under interchange C ↔ G and A ↔ U at the first position in codons at all horizontal lines. Recall that also DNA is symmetric under simultaneous interchange of complementary nucleotides C ↔ G and A ↔ T between its strands. All doublets in this table form a nice figure which looks like letter T. Table 3 contains the same distribution of amino acids as Table 3 , but codons are now presented by 5-adic numbers n 0 n 1 n 2 instead of capital letters (recall: C = 1, A= 2, U = 3, G = 4). This new table can be also regarded as a representation of the C 5 [64] codon space with gradual increasing of integers from 111 to 444. The observed left-right symmetry is now invariance under the corresponding transformations 1 ↔ 4 and 2 ↔ 3. In other words, at each horizontal line one can perform doublet ↔ doublet and quadruplet ↔ quadruplet interchange around vertical midline.
It is worth noting that the above invariance leaves also unchanged polarity and hydrophobicity of the corresponding amino acids in all but three cases: Asn ↔ Tyr, Arg ↔ Gly, and Ser ↔ Cys.
Degeneracy of the genetic code
Let us now explore distances between codons and their role in formation of the genetic code degeneration.
To this end let us again turn to Table 3 as a representation of the C 5 [64] codon space. Namely, we observe that there are 16 quadruplets such that each of them has the same first two digits. Hence 5-adic distance between any two different codons within a quadruplet is
because a 0 = b 0 , a 1 = b 1 and |a 2 − b 2 | 5 = 1. According to (11) nucleotides within every quadruplet are at the smallest distance, i.e. they are closest comparing to all other nucleotides. Since codons are composed of three arranged nucleotides, each of which is either a purine or a pyrimidine, it is natural to try to quantify similarity inside purines and pyrimidines, as well as distinction between elements from these two groups of nucleotides. Fortunately there is a tool, which is again related to the p-adics, and now it is 2-adic distance. One can easily see that 2-adic distance between pyrimidines C and U is d 2 (1, 3) = |3 − 1| 2 = 1/2 as the distance between purines A and G, namely d 2 (2, 4) = |4 − 2| 2 = 1/2. However 2-adic distance between C and A or G as well as distance between U and A or G is 1 (i.e. maximum).
With respect to 2-adic distance, the above quadruplets may be regarded as composed of two doublets: a = a 0 a 1 1 and b = a 0 a 1 3 make the first doublet, and c = a 0 a 1 2 and d = a 0 a 1 4 form the second one. 2-Adic distance between codons within each of these doublets is 1 2 , i.e.
because 3 − 1 = 4 − 2 = 2.
One can now look at Table 3 as a system of 32 doublets. Thus 64 codons are clustered by a very regular way into 32 doublets. Each of 21 subjects (20 amino acids and 1 termination signal) is coded by one, two or three doublets. In fact, there are two, six and twelve amino acids coded by three, two and one doublet, respectively. Residual two doublets code termination signal.
Note that 2 of 16 doublets code 2 amino acids (Ser and Leu) which are already coded by 2 quadruplets, thus amino acids Serine and Leucine are coded by 6 codons (3 doublets).
To have a more complete picture on the genetic code it is useful to consider possible distances between codons of different quadruplets as well as between different doublets. Also, we introduce distance between quadruplets or between doublets, especially when distances between their codons have the same value. Thus 5-adic distance between any two quadruplets in the same column is 1/5, while such distance between other quadruplets is 1. 5-Adic distance between doublets coincides with distance between quadruplets, and this distance is when doublets are within the same quadruplet.
The 2-adic distances between codons, doublets and quadruplets are more complex. There are three basic cases:
• codons differ only in one digit,
• codons differ in two digits,
• codons differ in all three digits.
In the first case, 2-adic distance can be 1 2 or 1 depending whether difference between digits is 2 or not, respectively.
Let us now look at 2-adic distances between doublets coding leucine and also between doublets coding serine. These are two cases of amino acids coded by three doublets. One has the following distances:
for leucine,
for serine.
If we use usual distance between codons, instead of p-adic one, then we would observe that two synonymous codons are very far (at least 25 units), and that those which are close code different amino acids. Thus we conclude that not usual metric but ultrametric is inherent to codons.
How degeneracy of the genetic code is connected with p-adic distances between codons? The answer is in the following p-adic degeneracy principle: Two codons have the same meaning with respect to amino acids if they are at smallest 5-adic and 0.5 2-adic distance. Here p-adic distance plays a role of similarity: the closer, the more similar. Taking into account all known codes (see the next subsection) there is a slight violation of this principle. Now it is worth noting that in modern particle physics just broken of the fundamental gauge symmetry gives its standard model. There is a sense to introduce a new principle (let us call it reality principle): Reality is realization of some broken fundamental principles. It seems that this principle is valid not only in physics but also in all sciences. In this context modern genetic code is an evolutionary broken the above p-adic degeneracy principle.
Evolution of the genetic code
The origin and early evolution of the genetic code are among the most interesting and important investigations related to the origin and whole evolution of the life. However, since there are no concrete facts from that early period, it gives rise to many speculations. Nevertheless, one can hope that some of the hypotheses may be tested looking for their traces in the contemporary genomes.
It seems natural to consider biological evolution as an adaptive development of simpler living systems to more complex ones. Namely, living organisms are open systems in permanent interaction with environment. Thus the evolution can be modelled by a system with given initial conditions and guided by some internal rules taking into account environmental factors.
We are going now to conjecture on the evolution of the genetic code using our p-adic approach to the genomic space, and assuming that preceding codes used simpler codons and older amino acids.
Recall that p-adic genomic space Γ p [(p − 1) m ] has two parameters: p -related to p − 1 building blocks, and m -multiplicity of the building blocks in space elements.
• Case Γ 2 [1] is a trivial one and useless for a primitive code.
• Case Γ 3 [2 m ] with m = 1, 2, 3 does not seem to be realistic.
• Case Γ 5 [4 m ] with m = 1, 2, 3 offers a possible pattern to consider evolution of the genetic code. Namely, the codon space could evolve in the following way: also Table 3 .2).
According to Table 3 this primary code, containing codons in the single nucleotide form (C, A, U, G), encoded the first four amino acids: Gly, Ala, Asp and Val. From the last column of Table 3 we conclude that the connection between digits and amino acids is: 1 = Ala, 2 = Asp, 3 = Val, 4 = Gly. In the primary code these digits occupied the first position in the 5-adic expansion (Table 3. 2), and at the next step, i.e. space. This criterion assumes that amino acids encoded earlier are more fixed than those encoded later. According to this criterion we decide in favor of the first row in each rectangle of Table 3 and result is presented in Table 3 . (Table 3 ) and 2 non-standard amino acids (selenocysteine and pyrrolysine). Probably these 22 amino acids are also sufficient building units for biosynthesis of all necessary contemporary proteins. While Γ 5 [4 2 ] is insufficient, the genomic space Γ 5 [4 3 ] offers approximately three codons per one amino acid. (ii) The eukariotic (often called standard or universal) code is established around 1966 and was thought to be universal, i. e., common to all organisms. When the vertebral mitochondrial code was discovered in 1979, it gave rise to believe that the code is not frozen and that there are also some other codes which are mutually different. According to later evidences, one can say that there are at least 16 slightly different mitochondrial and nuclear codes (for a review, see [26] , [27] and references therein). Different codes have some codons with different meaning. So, in the standard code there are the following changes in Table 3 : (iii) Each of the 16 codes is degenerate and degeneration provides their stability against possible mutations. In other words, degeneration helps to minimize codon errors.
Genetic codes based on single nucleotide and dinucleotide codons were mainly directed to code amino acids with rather different properties. This may be the reason why amino acids Glu and Gln are not coded in dinucleotide code (Table  3. 2), since they are similar to Asp and Asn, respectively. However, to become almost optimal, trinucleotide codes have taken into account structural and functional similarities of amino acids.
We presented here a hypothesis on the genetic code evolution taking into account possible codon evolution, from 1-nucleotide to 3-nucleotide, and amino acids temporal appearance. This scenario may be extended to the cell evolution, which probably should be considered as a coevolution of all its main ingredients (for an early idea of the coevolution, see [28] ). 
Concluding Remarks
There are two aspects of the genetic code related to:
(i) multiplicity of codons which code the same amino acid, (ii) concrete assignment of codon multiplets to particular amino acids.
The above presented p-adic approach gives quite satisfactory description of the aspect (i). Ultrametric behavior of p-adic distances between elements of the C 5 [64] codon space radically differs from the usual ones. Quadruplets and doublets of codons have natural explanation within 5-adic and 2-adic nearness. Degeneracy of the genetic code in the form of doublets, quadruplets and sextuplets is direct consequence of p-adic ultrametricity between codons. p-Adic C 5 [64] codon space is our theoretical pattern to consider all variants of the genetic code: some codes are direct representation of C 5 [64] and the others are its slight evolutional modifications.
(ii) Which amino acid corresponds to which multiplet of codons? An answer to this question should be expected from connections between physicochemical properties of amino acids and anticodons. Namely, enzyme aminoacyl-tRNA synthetase links specific tRNA anticodon and related amino acid. Thus there is no direct interaction between amino acids and codons, as it was believed for some time in the past.
Note that there are in general 4! ways to assign digits 1, 2, 3, 4 to nucleotides C, A, U, G. After an analysis of all 24 possibilities, we have taken C = 1, A = 2, U = T = 3, G = 4 as a quite appropriate choice. In addition to various properties already presented in this paper it exhibits also complementarity of nucleotides in the DNA double helix by relation C + G = A + T = 5.
It would be useful to find an analogous connection between 22 amino acids and digits 1, 2, · · · , 22 in p = 23 representation. Now there are 22! possibilities and to explore all of them seems to be a hard task. However, use of computer analysis may help to find a satisfactory solution.
One can express many above considerations of p-adic information theory in linguistic terms and investigate possible linguistic applications.
In this paper we have employed p-adic distances to measure similarity between codons, which have been used to describe degeneracy of the genetic code. It is worth noting that in other contexts p-adic distances can be interpreted in quite different meanings. For example, 3-adic distance between cytosine and guanine is d 3 (1, 4) = 1 3 , and between adenine and thymine d 3 (2, 3) = 1. This 3-adic distance seems to be natural to relate to hydrogen bonds between complements in DNA double helix: the smaller distance, the stronger hydrogen bond. Recall that C-G and A-T are bonded by 3 and 2 hydrogen bonds, respectively.
The translation of codon sequences into proteins is highly an informationprocessing phenomenon. p-Adic information modelling presented in this paper offers a new approach to systematic investigation of ultrametric aspects of DNA and RNA sequences, the genetic code and the world of proteins. It can be embedded in computer programs to explore p-adic side of the genome and related subjects.
The above considerations and obtained results may be regarded as contributions mainly towards foundations of (i) p-adic theory of information and (ii) p-adic theory of the genetic code.
Summarizing, contributions to (i) p-adic theory of information contain:
• formulation of p-adic genomic space (whose examples are spaces of nucleotides, dinucleotides and trinucleotides),
• formulation of p-adic bioinformation space (whose examples are DNA, RNA and protein spaces),
• relation between building blocks of information spaces and some prime numbers;
(ii) p-adic theory of the genetic code include:
• description of codon quadruplets and doublets by 5-adic and 2-adic distances,
• observation of a symmetry between quadruplets as well as between doublets at our table of codons,
• formulation of degeneracy principle,
• formulation of hypothesis on codon evolution.
Many problems remain to be explored in the future on the above p-adic approach to genomics. Among the most attractive and important themes are:
• elaboration of the p-adic theory of information towards genomics,
• evolution of the genome and the genetic code,
• structure and function of non-coding DNA,
• ultrametric aspects of proteins,
• creation of the corresponding computer programs.
